We found that D2R modulated the morphogenesis of dendritic spines in hippocampal neurons via GluN2B-and cAMP-dependent mechanisms. Notably, D2R regulated spines only during postnatal weeks 3-6, and adolescent D2R hyperactivity resulted in a reduction in spine number in mice with deficient expression of the schizophrenia risk gene dysbindin. Even transient suppression of spine development during adolescence by hyperactive D2R adversely affected entorhinal cortex-hippocampal connectivity and working memory in adulthood. These findings suggest a previously unknown function of D2R in spine development and identify a critical period during which dendritic spines are regulated by D2R.
RESULTS

D2R regulates the morphogenesis of dendritic spines
To determine whether D2R regulates the development of neuronal connections, we intraperitoneally injected male C57BL/6 mice (postnatal day 21 (P21), during a period of active spine growth and synaptogenesis 18 ) with either vehicle, the D2R agonists quinpirole or bromocriptine, or the D2R antagonist eticlopride. Hippocampal slices were prepared 24 h after injection for diolistic labeling of neurons. Notably, in mice injected with D2R agonists, spine density of hippocampal CA1 neurons was reduced (Fig. 1) . The spine density of CA1 neurons was unaffected by a single injection of eticlopride (data not shown), but was substantially increased by five daily injections of eticlopride (Fig. 1a,c) . Thus, D2R activation inhibits spine development, whereas prolonged blockade of D2R activity promotes it.
To test whether the D1-like subfamily of dopamine receptors (D1Rlike) also regulate spine development, we injected either vehicle, the D1R-like agonist SKF38393 or the D1R-like antagonist SCH23390 into P21 male C57BL/6 mice and prepared hippocampal slices for diolistic labeling 24 h after injection. The spine density of CA1 a r t I C l e S neurons was comparable in all three groups of mice (Fig. 1a,c) . Thus D1R-like receptors do not regulate spine development in hippocampal neurons.
To corroborate the results of our pharmacological experiments, we overexpressed or knocked down D2R in vivo. The CA1 region of male C57BL/6 mice (P21) was injected with lentivirus expressing enhanced green fluorescent protein (EGFP) along with siRNA specific for either Drd2 (D2R, Drd2 siRNA-1) or Drd1 (D1R; Supplementary Fig. 1a-e ), or co-injected with the EGFP virus and lentivirus overexpressing either D1R or D2R. At 7 d after injection, brain sections were prepared from injected mice. In CA1 pyramidal neurons transduced with the D2R virus, spine density was reduced, whereas, in those transduced with Drd2 siRNA virus, it was increased ( Fig. 1b,d ). Transduction of virus expressing D1R or Drd1 siRNA, however, left the numbers of spines intact (Fig. 1b,d) . These results confirm the findings of our pharmacological experiments.
The change in spine number may affect synaptic transmission. To test this possibility, we measured miniature excitatory postsynaptic currents (mEPSCs) in mice injected with either the D2R or Drd2 siRNA lentivirus. Although mEPSC amplitude was not changed by overexpressing or knocking down D2R, mEPSC frequency (which positively correlates with synapse number) was reduced in neurons transduced with the D2R virus and increased in neurons transduced with the Drd2 siRNA virus (Fig. 1e,f and Supplementary Fig. 1f ). The change in mEPSC frequency was consistent with that in spine number in virus-injected mice. Taken together, these results indicate that D2R activation inhibits spine development.
D2R regulates maturation and growth dynamics of spines Dendritic spines are generally categorized into three groups: mushroom spines with a large head and a constricted neck, thin spines with a small head and a long neck, and stubby spines without constriction between the tip and the neck 19 . Mushroom and thin spines are the primary types of spines in adult brains, whereas stubby spines are primarily found in immature neurons 18, 20 . To determine the effect of D2R activation on spine morphology, we conducted a detailed spine analysis in primary hippocampal neurons.
To visualize spines, we transfected neurons at 14 d in vitro (DIV14) with a construct expressing Venus (a mutant yellow fluorescent protein 21 ) . At 3 d after transfection, neurons were treated with either the D2R agonists quinpirole or bromocriptine, the D2R antagonist eticlopride, the D1R-like agonist SKF38393, or the D1R-like antagonist SCH23390 for 24 h. Consistent with our in vivo results, the density of total spines (including mushroom, thin and stubby spines) was not changed by treatment with SKF38393 or SCH23390 ( Supplementary Fig. 2a,b ), but was decreased in both quinpirole-and bromocriptine-treated cells (Supplementary Fig. 2c ). Unlike our observations in vivo, treatment with eticlopride did not affect spine density in vitro ( Supplementary  Fig. 2c ), likely because of the lack of dopamine neurons, and thus endogenous D2R activity, in cultured hippocampal neurons.
We further analyzed the effect of D2R agonists on different types of spines and on filopodia, thin and pointy dendritic protrusions that may be spine precursors 22, 23 . As a result of confocal microscopy's limited spatial resolution, we classified all spines with a narrow neck a r t I C l e S and a head into a combined 'mushroom/thin' spine group. Notably, quinpirole and bromocriptine treatment reduced the density of mushroom/thin spines and increased filopodium density, but did not affect stubby spine density ( Fig. 2a,b) . Moreover, the neck of mushroom/thin spines in neurons treated with quinpirole or bromocriptine was elongated ( Fig. 2a,c) .
To confirm that the effects of quinpirole and bromocriptine on spines are mediated by D2R, we transfected neurons (DIV14) with a construct expressing Drd2 siRNA along with the Venus construct. At 3 d after transfection, we treated neurons with quinpirole for 24 h and analyzed dendritic protrusions in transfected neurons. Only protrusions that did not contact axons of transfected neurons were analyzed. Although transfection with the Drd2 siRNA construct did not influence spine density, spine dimension, filopodium density or quinpirole-induced elevation of filopodium density, it did abolish quinpirole's effects on both the density and length of mushroom/thin spines ( Fig. 2d-f) .
To determine whether the effects of siRNAs are a result of Drd2 knockdown, we co-transfected neurons with the Drd2 siRNA construct and a construct expressing Drd2 with silent mutations in the siRNA-binding region, rendering it resistant to Drd2 siRNA (Drd2-M; Supplementary Fig. 1a,b) . The effect of quinpirole on spines was restored in co-transfected cells ( Fig. 2d-f ), confirming that quinpirole reduces spine density by activating D2R. Given that (h) Quantification of the numbers of added and retracted spines (normalized to the total number of spines) during the 60-min treatment period. (i) Quantification of the conversion between different types of dendritic protrusions during the 60-min imaging period. M, mushroom spines; T, thin spines; F, filopodia; S, stubby spines. The results were replicated in three independent experiments. Histograms show one of the three replicates (n = 15 neurons for each condition). Data are presented as mean ± s.e.m. Two-tailed Mann-Whitney test was used to calculate P values for comparison with vehicle-treated cells in b, c, h and i, and between vehicle-and quinpirole-treated cells transfected with the same construct in e and f. Quinpirole, 1 µM; bromocriptine, 2.5 µM; eticlopride, 1 µM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. npg a r t I C l e S only D2R was only knocked down in postsynaptic neurons, these results indicate that postsynaptic D2R mediates quinpirole's effects on mushroom/thin spines (but not on filopodium). D2R overexpression alone enhanced quinpirole's effects on spine density ( Fig. 2d-f ), suggesting that the level of D2R positively correlates with the size of quinpirole's effect. Spine density in neurons overexpressing D1R, however, was not affected by the D1R agonist SKF38393 ( Supplementary Fig. 2a,b) . Thus, the ineffectiveness of SKF38393 on spines is not a result of inadequate D1R on hippocampal neurons.
Given that long spines and filopodia are usually found in immature neurons 18 , their increase by D2R agonist suggests that D2R activation inhibits spine maturation. To test this possibility, we imaged the same neurons (DIV17) before and 1 h after quinpirole treatment. Quinpirole treatment increased the rate of both spine addition and retraction and the conversion of mushroom/thin spines to filopodia, but reduced the conversion of filopodia to mushroom/thin spines ( Fig. 2g-i) . Thus, D2R activation enhances the dynamics of spine growth, inhibits the conversion of dendritic protrusions from immature to mature appearance and destabilizes mature spines. Taken together, our results from both in vivo and in vitro experiments indicate that D2R activation restricts spine number during spine development by inhibiting spine maturation.
D2R regulates spines via GluN2B and cAMP
To explore the mechanisms by which D2R regulates spines, we first tested whether D2R activation alters synaptic protein expression. Primary hippocampal neurons (DIV17) were treated with quinpirole for 24 h and then stained for the AMPA receptor subunits GluA1 and GluA2 and the presynaptic proteins Bassoon and Synaptophysin. Expression of these proteins was not affected by quinpirole ( Supplementary Fig. 3a,b) .
We then tested whether NMDAR is involved in the regulation of spines by D2R, as NMDAR is required for spine maturation in hippocampal neurons 11, 23 . We treated primary hippocampal neurons with quinpirole and the NMDAR antagonist (2R)-amino-5-phosphonovaleric acid (AP5). Although AP5 did not affect either spine density or size, it did abolish quinpirole-induced changes ( Fig. 3a-c) . Thus, NMDAR activity is required for D2R to inhibit spine morphogenesis. µm To determine how NMDAR assists D2R to regulate spines, we tested whether prolonged D2R activation (elicited in our experiments) modulates NMDAR-mediated synaptic transmission, as brief D2R activation does [15] [16] [17] 24 . We analyzed evoked NMDAR-mediated excitatory postsynaptic currents (EPSC NMDA ) in hippocampal slices taken from 3-week-old mice that were intraperitoneally injected with quinpirole, bromocriptine or vehicle. EPSCs were recorded from CA1 neurons by stimulating the Schaffer collateral pathway. The input-output relationship of EPSC NMDA was indistinguishable between vehicle-and D2R agonist-injected mice (Supplementary Fig. 3c ). Thus, prolonged D2R activation does not alter NMDAR-mediated currents.
In hippocampal neurons, NMDAR is composed of GluN1, GluN2A and GluN2B subunits 25 . To determine whether a specific NMDAR subunit mediates D2R's effects on spines, we treated primary hippocampal neurons (DIV17) with quinpirole along with the GluN2A antagonist TCN201 or the GluN2B antagonists ifenprodil or Ro25-6891. Although ifenprodil and Ro25-6891 obliterated quinpirole-induced changes in dendritic protrusions, TCN201 did not ( Fig. 3d-f ). Likewise, quinpirole-induced spine reduction was abolished in mice (male, C57BL/6, P21) that were intraperitoneally injected with ifenprodil or Ro25-6891, but not TCN201 ( Fig. 3g,h) . Thus, GluN2B, but not GluN2A, cooperates with D2R to control spine number.
To determine how GluN2B assist D2R to regulate spines, we first tested whether chronic D2R activation, similar to acute D2R activation 16 , induces GluN2B dephosphorylation at Ser1303. The level of phosphorylated GluN2B was comparable in quinpirole-treated and control cells (Supplementary Figs. 3d,e and 7c) . Similarly, after prolonged D2R activation, phosphorylation of GluA1 at Ser845, which is also reduced by acute D2R activation 26 , remained unchanged ( Supplementary Fig. 3d,e ).
We next examined whether D2R activation influences GluN2B expression. Total GluN2B expression and that of GluN1 and GluN2A was indistinguishable between quinpirole-treated and control cells ( Fig. 3i,j) . A surface biotinylation assay, however, revealed that quinpirole treatment greatly reduced surface expression of GluN2B, but not that of GluN1 or GluN2A (Fig. 3i,j and Supplementary Fig. 7a,b) .
To confirm the result of the biotinylation assay, we transfected cultured hippocampal neurons (DIV17) with GFP-tagged GluN2B and GluN2A, treated them with quinpirole for 24 h, and stained surfaceexpressed, GFP-tagged NMDAR with an antibody to GFP. On the surface of quinpirole-treated cells, we detected normal levels of GluN2A and reduced levels of GluN2B (Supplementary Fig. 3f-i) . This change was likely a result of excessive GluN2B endocytosis, as it was obliterated by treatment with dynasore, a dynamin inhibitor that blocks GluN2B endocytosis 17 (Supplementary Fig. 3h,i) . The GluN2B antagonists ifenprodil and Ro25-6891 also blocked the quinpirole-induced decrease in surface GluN2B expression ( Supplementary Fig. 3h,i) .
To determine whether the change in surface GluN2B is required for the effects of quinpirole on spines, we treated hippocampal neurons (DIV17, transfected with the Venus construct for 3 d) with quinpirole and dynasore. The effect of quinpirole on spines was abolished by dynasore treatment (Supplementary Fig. 3j,k) . Thus, GluN2B internalization is required for D2R to regulate spine development.
Given that D2R activation reduces cAMP formation and Akt activity 13 , we also tested whether these molecular changes contribute to the effects of D2R activation on spines. We treated primary hippocampal neurons (DIV17, 3 d after transfection with the Venus construct) with quinpirole and either the adenyl cyclase activator forskolin or the PI3K activator 740 Y-P. Although forskolin blocked quinpiroleinduced changes in dendritic protrusions, 740 Y-P did not ( Fig. 4) . Treatment with either forskolin or 740 Y-P alone did not affect dendritic protrusions (Fig. 4) . Thus, D2R regulates spine development through the cAMP, but not Akt, cascade. Taken together, these results indicate that both GluN2B internalization and cAMP downregulation are required to affect spine development.
D2R-dependent spine deficiency in dysbindin mutant mice
Disturbances of the density and functions of D2R are consistently found in the brains of schizophrenics 1 . To determine whether D2R pathology contributes to spine abnormalities, we examined dendritic spines in sandy mice, which harbor a spontaneous deletion in dysbindin, express no dysbindin protein and have increased expression of D2R on the cell surface 3, 4 . We analyzed spines in both cultured hippocampal neurons and slices from sandy mice. Although the density of mushroom/thin spines was decreased in primary hippocampal neurons from sandy mice (DIV17, 3 d after transfection with the Venus construct), that of filopodia was increased, and mushroom/ thin spines were enlongated (Fig. 5a-c) . Likewise, in the CA1 region of sandy mice injected with lentivirus expressing EGFP (P28, 1 week after injection), spine density was less than in their wild-type littermates (Fig. 5d,e) .
To test whether elevated D2R activity in sandy mice contributes to the alteration in spines, we injected lentivirus expressing Drd2 siRNA The results were replicated in three independent experiments. Histograms show one of the three replicates (n = 15 neurons for each condition). Quinpirole, 1 µM; forskolin (FSK), 50 µM; 740 Y-P, 50 µg ml −1 . Two-tailed Mann-Whitney test was used to calculate P values for comparison between cells treated with indicated chemicals and those treated with the same chemical and quinpirole. Data are presented as mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001. npg a r t I C l e S into the CA1 region of sandy mice. Spine density was increased in transduced cells (Fig. 5d,e) . Thus, the reduction in spine density in sandy mice stems from overactive D2R.
Given that mEPSCs are affected by D2R activation in wild-type mice (Fig. 1e,f) , we asked whether it was also changed in sandy mice. mEPSCs were recorded in the CA1 region of hippocampal slices. In sandy mice, mEPSC frequency was reduced, whereas mEPSC amplitude was comparable with that in wild-type mice (Fig. 5f,g and Supplementary Fig. 4) . These results are consistent with previous findings in sandy mice 27 . The change in mEPSC frequency in sandy mice was abolished by injecting lentivirus expressing Drd2 siRNA ( Fig. 5f,g) , indicating that it is caused by D2R overactivation. Moreover, D2R knockdown in sandy mice resulted in an increase in mEPSC amplitude (Supplementary Fig. 4 ). This effect is likely a result of the interaction of D2R with other molecules or signaling pathways altered in sandy mice, as D2R knockdown did not alter mEPSC amplitude in wild-type mice (Supplementary Fig. 1f) .
Consistent with elevated surface expression of D2R in sandy mice 4 , the levels of cAMP in the hippocampus of sandy mice were reduced by 30.0 ± 10.6% (P = 0.045). Moreover, enhancing cAMP production by injecting forskolin rescued the spine deficiency in sandy mice (Fig. 5h,i) . Forskolin injection did not later spine density in wild-type mice (Fig. 5h,i) . These findings suggest that cAMP reduction in sandy mice contributes to spine defects. Taken together, these results suggest that overactivation of D2R as a result of mutations in the dysbindin gene impairs spine development.
D2R regulates spine number in an age-dependent manner
To determine whether D2R also regulates spine numbers in mature hippocampal neurons, we injected vehicle or quinpirole into 2-12week-old male C57BL/6 mice and prepared hippocampal slices for diolistic labeling at 24 h after injection. In vehicle-injected mice, spine density of CA1 neurons showed an upward trajectory from 2-8 weeks of age, then dropped slightly at 12 weeks ( Fig. 6a,b) . Notably, quinpirole injection caused a reduction of spine density only in mice aged 3-6 weeks, but not in those aged 2, 8 or 12 weeks (Fig. 6a,b) . To confirm the effect of quinpirole in adult mice, we injected 8-week-old C57BL/6 mice with lentivirus expressing EGFP alone or with Drd2, and analyzed spines in hippocampal slices prepared from injected mice 1 week after injection. Spine density was unaffected by overexpressing Drd2 in adult mice (Supplementary Fig. 5a,b) . These results indicate that D2R regulates spine number in an age-dependent manner.
Next, we examined whether spine deficiency in sandy mice is also age dependent. Although the spine density of CA1 neurons was lower in 3-6-week-old sandy mice than in their wild-type littermates, spine density in the two groups was comparable at 2, 8 and 12 weeks of age ( Fig. 6c,d) . To determine whether spines in adult sandy mice are regulated by D2R, as in adolescent sandy mice (Fig. 5d,e) , we injected lentivirus expressing Drd2 siRNA and EGFP into the CA1 region of 8-week-old sandy mice and analyzed spines in hippocampal slices 1 week after injection. Spine density was comparable in virusinjected and control mice (Supplementary Fig. 5a,b) . Thus, the effect of genetic activation of D2R on spines is also age dependent. a r t I C l e S As all antipsychotics are D2R blockers 28 , we tested whether antipsychotic treatment can ameliorate the spine deficiency in sandy mice. We injected the typical antipsychotic loxapine (a potent D2R blocker) 29, 30 and the atypical antipsychotic clozapine (a potent serotonin receptor antagonist and a weak D2R blocker) 30, 31 into sandy mice and wildtype littermates at P21. Hippocampal slices were prepared 24 h after injection for diolistic labeling of neurons. Notably, loxapine injection, which had no effect on spine density in wild-type mice, increased spine density of CA1 neurons in sandy mice to a level comparable to that in their wild-type littermates (Fig. 6e,f) . Clozapine injection, however, had no effect on spine density in either sandy or wild-type mice (Fig. 6e,f) . These results indicate that typical antipsychotics acting on D2R, but not atypical antipsychotics with less affinity for D2R, can rescue spine defects in sandy mice if applied during the period in which spines are sensitive to D2R activity. Taken together, these findings suggest that the effect of D2R activation on dendritic spines is age dependent and that adolescence is a critical period in which D2R hyperactivity reduces spine number.
GluN2B determines the age dependency of D2R function During brain development, NMDARs in the forebrain switch from predominantly containing GluN2B to GluN2A 25 . Given that we found that GluN2B is required for D2R-mediated spine regulation, we hypothesized that the developmental change in NMDAR composition might account for the fact that D2R no longer affects spine numbers in mature brains. To test this possibility, we first analyzed the temporal pattern of GluN2B expression in the mouse hippocampus. Immunoblotting of hippocampal lysates revealed that GluN2B expression was decreased and GluN2A expression was increased in adulthood (Supplementary Figs. 5c,d and 7d) .
To determine whether the changes in GluN2A and GluN2B expression influence the effects of D2R activation on spines, we transfected young hippocampal neurons (DIV18, expressing more GluN2B and less GluN2A) with GluN2A and mature hippocampal neurons (DIV56, expressing less GluN2B and more GluN2A) with GluN2B. Although mature neurons no longer altered spine density following quinpirole treatment, overexpression of GluN2B restored their ability to respond to quinpirole (Fig. 7a-c) . In contrast, deviating GluN2A expression from its normal developmental trajectory, either by overexpressing GluN2A in young neurons or by blocking GluN2A activity with TCN201 in mature neurons, left quinpirole's effects on spines unchanged (Fig. 7) . These results indicate that it the decrease in GluN2B rather than the increase in GluN2A expression that prevents mature neurons from altering their spine density following D2R activation.
Adolescent D2R hyperactivity impairs neural connectivity
Although spine density returns to normal in adult sandy mice that experienced spine loss during adolescence as a result of D2R hyperactivity, perturbation of dendritic spines during this period may permanently alter these circuits, given that adolescence is a period in which neuronal circuits mature and are refined 32, 33 . To test this possibility, we examined the entorhinal cortex-CA1 connection, as neurons in the layer III of the entorhinal cortex send mono-synaptic projections to CA1 neurons 34, 35 .
The retrograde tracer cholera toxin subunit B (CTB) was injected into the CA1 region of the right hippocampus. At 24 h after injection, horizontal brain sections containing the entorhinal cortex were prepared. In wild-type mice, neurons retrogradely labeled by CTB were found in both the medial entorhinal cortex (MEC) and lateral entorhinal cortex (LEC) (Fig. 8a) . In contrast, the number of labeled neurons was markedly reduced in the MEC, but increased in the LEC, of sandy mice, and the ratio of labeled MEC-to-LEC neurons was therefore decreased (Fig. 8a-c) . To test whether these changes are a result of D2R hyperactivity during adolescence, we intraperitoneally injected sandy mice with eticlopride from P21 to P35 (once daily) and injected them with CTB at 8 weeks of age. Notably, eticlopride treatment restored the ratio of labeled MEC-to-LEC neurons (Fig. 8a,b) . We also tested the effect of feeding sandy mice water supplemented with eticlopride (ad libitum P21-35). Given that feeding and injecting eticlopride had comparable effects on the ratio of labeled MEC-to-LEC neurons (Supplementary Fig. 6a) , we merged the data from the injected and fed groups (Fig. 8b,c) .
To determine whether the effect of eticlopride on neuronal connectivity in sandy mice is age dependent, we fed adult sandy mice eticlopride from P56 to P70 and injected them with CTB at 13 weeks of age. The ratio of labeled MEC-to-LEC neurons was comparable in treated and untreated sandy mice (Fig. 8a-c) . Thus, eticlopride treatment in adolescence, but not in adulthood, can correct connectivity in the entorhinal cortex-hippocampal circuit in sandy mice. Figure 6 The critical period for D2R to regulate dendritic spine number and reversal of the spine deficiency by antipsychotics treatment in sandy mice.
(a-f) Hippocampal slices for diolistic labeling were prepared from C57BL/6 mice of various ages that were intraperitoneally injected with vehicle or with the D2R agonist quinpirole (0.5 mg per kg; a,b), sandy mice and their wild-type littermates of various ages (c,d), or sandy mice and their wild-type littermates at 3 weeks of age that were intraperitoneally injected with vehicle, 5 mg per kg of loxapine or 8 mg per kg of clozapine (e,f). Representative images of DiI-labeled basal dendrites of hippocampal CA1 neurons are shown in a, c and e. Quantification of spine density is shown in b, d and f. 15 neurons from 3 slices from each mouse were imaged and analyzed. n = 3 mice for each condition. Scale bars represent 5 µm. Data are presented as mean ± s.e.m. Mann-Whitney test was used for comparison between wild-type and sandy mice in b and d, and between vehicle and drug treated mice of the same genotype in f. *P < 0.05, **P < 0.01. a r t I C l e S These findings indicate that adolescent D2R hyperactivity causes perturbations of adult neural circuits.
To corroborate the results obtained with sandy mice, we examined the effect of adolescent D2R hyperactivity on the entorhinal cortex-hippocampal connection in wild-type mice. Wild-type mice were fed qunipirole from P21 to P28 and injected with CTB at 8 weeks of age. Quinpirole treatment resulted in a decrease in the number of retrogradely labeled cells in the MEC and in the ratio of labeled MECto-LEC neurons (Fig. 8a-c and Supplementary Table 1) . In contrast, quinpirole treatment in adult mice (from P56 to P63 and injected with CTB at 12 weeks of age) did not change the ratio of labeled MECto-LEC neurons (Supplementary Fig. 6b) . These results confirm that adolescent D2R hyperactivity adversely affects the entorhinal cortex-hippocampal connectivity. Taken together, our findings indicate that adolescent D2R hyperactivity disturbs the establishment of adult patterns of neural connectivity and that treatments need to be administrated during adolescence to alleviate this effect.
Adolescent D2R hyperactivity impairs working memory
The entorhinal cortex-hippocampal circuit is essential for spatial working memory 34, [36] [37] [38] . To determine whether D2R hyperactivity affects spatial working memory, we conducted behavioral tests with sandy mice that were fed eticlopride and wild-type mice that were fed quinpirole during adolescence. At 8 weeks of age, we conducted the spontaneous Y maze test to analyze spontaneous spatial working memory and the open field test to measure locomotor activity. Wild-type and sandy mice given untreated water were used as controls. In the Y maze test, sandy mice had a lower alternation score, corresponding to poorer spatial working memory, than wild-type control mice (Fig. 8d) . The performance of wild-type mice fed quinpirole in the Y maze was also reduced ( Fig. 8d) , suggesting that overactivation of D2R impairs working memory. Notably, the alternation score of sandy mice was improved by eticlopride treatment during adolescence (Fig. 8d) .
In the open field test, sandy mice traveled longer distances than wild-type mice (Fig. 8e) , consistent with their reported hyperactivity 39, 40 . Eticlopride treatment during adolescence, however, did not change sandy mice's locomotor activity (Fig. 8e) . For wild-type mice, locomotion tested at 4 weeks after feeding with quinpirole during adolescence was comparable with that in untreated mice ( Fig. 8e  and Supplementary Table 2 ), suggesting that hyperactivity might be caused by acute, but not long-lasting, effects of D2R activation on brains.
To determine whether eticlopride treatment in adult sandy mice can also improve working memory, we fed 8-week-old sandy mice eticlopride-supplemented water for 2 weeks and conducted behavioral tests at 13 weeks of age. In contrast with the improvement seen when eticlopride was applied in adolescence, working memory performance was not changed (Fig. 8d) . Hyperactivity in sandy mice, however, was ameliorated by eticlopride treatment in adulthood (Fig. 8e) , excluding the possibility that eticlopride treatment in adulthood has no effect on behavior.
Taken together, these findings indicate that overactivation of D2R during adolescence causes impairments of spatial working memory in adulthood. Blocking D2R during this critical period in sandy mice, moreover, improves their spatial working memory thereafter. We found that D2R hyperactivity during the critical period when spines are subject to regulation by D2R impairs the establishment of the entorhinal-hippocampal circuit and working memory in adult mice. Our results consistently confirmed the theory that overactivation of D2R during adolescence impairs spine development, neural circuits and working memory. We excluded Drd2 and Drd1 knockout mice from our study because we feared that their retarded growth, reduced body weight, smaller brains and shorter dendrites in cortical neurons [41] [42] [43] [44] indicate global developmental defects.
The effect of intraperitoneal injection of D2R agonist on spine density of hippocampal neurons could be caused by activation of D2R on postsynaptic neurons, on presynaptic neurons or in extrahippocampal areas. The results of our transfection of Drd2 siRNA into postsynaptic hippocampal neurons in vitro and D2R overexpression or knockdown in vivo indicate that the spine phenotype is a result of D2R's actions on postsynaptic neurons. Filopodia, however, might be regulated by presynaptic D2R, as postsynaptic D2R knockdown did not change D2R agonist-induced filopodium overgrowth.
Our results indicate that NMDAR, particularly receptors containing the GluN2B subunit, is required for D2R to induce spine changes. Unlike brief D2R activation, however, chronic D2R activation did not affect NMDAR-mediated currents or GluN2B phosphorylation. It was D2R activation-induced GluN2B endocytosis that was required for the effect of D2R on spines. In addition to GluN2B, we found that forskolin blocked the effect of D2R activation on spines, consistent with the known role of cAMP in spine morphogenesis 45 .
In both wild-type and sandy mice, we found that D2R regulated spines only during postnatal week 3-6, the period of active spine growth, synaptogenesis and adolescent development in mice 46 . Moreover, we found that it was the developmental decrease in GluN2B expression that prevented spines in mature brains from changing in response to D2R activation. Regulation of spines by D2R during adolescence had robust effects on the shaping of neuronal circuits. These effects were retained and manifested in adulthood. Adolescence precedes early adulthood, the usual age of onset for schizophrenia in humans 47 . By extrapolation, D2R-dependent spine morphogenesis may be important for the pathophysiology of schizophrenia.
Our finding that D2 blockers administered during adolescence in mice can prevent D2R hyperactivity-induced impairments in spine development and working memory suggests that young human subjects with D2R hyperactivity, perhaps from mutations in the dysbindin Mann-Whitney test was used for statistical analysis. P values less than 0.05 for comparison between untreated and eticlopride-fed sandy mice (blue), between sandy and wild-type mice (yellow), and between untreated and quinpirolefed wild-type mice (orange) are shown in c; P values less than 0.05 for comparison between sandy and wild-type mice are shown in e; the complete list of P values for c and e is provided in Supplementary Table 1 . *P < 0.05, **P < 0.01. a r t I C l e S gene, might benefit from prodromal medication that targets D2R to protect spine development and cognition. Further studies in humans will be needed to test this possibility.
METHODS
Methods and any associated references are available in the online version of the paper.
Note: Any Supplementary Information and Source Data files are available in the online version of the paper.
4% paraformaldehyde in PBS and cut coronally (for spine analysis) or horizontally (for CTB tracing), using a cryostat, into 50-µm sections. Brain sections were mounted onto slides in mounting media with DAPI (for CTB injection) or without DAPI (for lentivirus injection), and imaged with a Zeiss confocal microscope (63× for lentivirus injection and 10× for CTB injection).
Behavioral tests. Mice for behavior tests were housed under a reversed 12-h light/dark cycle and tested during the dark phase. Mice were transferred to the test room at 1 h before the behavioral test for acclimatization. The behavioral apparatus was cleaned with 70% ethanol (vol/vol) and dried with paper towels after each trial. For the Y maze test, mice were placed at the end of one of the three arms of a Y maze with three identical arms that were 120° apart, and allowed to explore the arena freely for 8 min. The number and sequence of arm entries were recorded manually. A consecutive entry into three different arms was counted as an alternation. The alternation score was computed with the formula: [(total number of alternations)/(total number of arm entries) -2] × 100. Mice staying in one arm for longer than 2 consecutive minutes or with less than 12 arm entries were excluded from the statistical analysis. The open field test was conducted 1 d after the Y maze test. Mice were placed in the center of the test chamber (49 × 49 × 40 cm) illuminated at 20 lx, and allowed to explore the chamber for 30 min. Mice were videotaped during the test. The total travel distance was analyzed with the TopScan software (Clever System). Mice were randomly assigned to the various experimental groups. Behavioral tests were video-recorded and analyzed blind to the treatment.
Statistical analysis.
No statistical methods were used to predetermine, but our sample sizes are similar to those reported in previous publications 53, 56, 57 . The data were analyzed with the Kolmogorov-Smirnov and χ 2 test for distribution. As all our data were not normally distributed, the two-tailed Mann-Whitney test was used to calculate P values. The results of statistical tests were not corrected for multiple comparisons.
